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Electroproduction and hadroproduction of light gluinos
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In a class of supergravity models, the gluino and photino are massless at the tree level and receive small
masses through radiative corrections. In such models, one expects a gluino-gluon bound dRatetatave
a mass of between 1.0 and 2.2 GeV and a lifetime betweer®&hd 10 ® sec. Applying perturbative QCD
methods(whose validity we discugswe calculate the production cross sectiondRgk in e-p, m-p, K-p,

p-p, andp-p collisions. Signatures are also discussed.

PACS numbds): 13.20.He, 12.38.Bx, 12.60.Jv, 14.80.Ly

I. INTRODUCTION est 0" " glueball, i.e., 1.4 0.4 GeV.
If this is the case, then the photino will then be stable, and

In searches for supersymmetric particles, it is generallyan ideal candidate for the dark matter. In fact, Farrar and
assumed that the masses of the new particles angolb [8] have shown that if the ratio of the, mass to the
~100-1000 GeV, and thus they can only be produced irphotino mass is in the range from 1.2 to 2.2, then the relic
high energy accelerators. However, a possibility which hagpundance of photinos is just right to account for the dark
been receiving increasing attention of Igfie-9] is that the  matter; this mass range overlaps nicely with the range of
gluino and photino are extremely light, with masses in rang§nasses calculated from radiative corrections. Since the
of hundreds of MeV. If so, then the gluino-gluon bound stateg)ing will decay through virtual scalar quark processes, the
called the glueballindwhich we designate a), would g " |ifetime should be quite long; estimates range from
have a mass in the-12 GeV range, and would be very long 10 °t0 10°© sec.
lived, possibly with a lifetime as long as that of the muon. How could such a light, long-lived, strongly interacting
The possibility that a strongly interacting, long-lived particle particle have escaped d,etectic[r5,9];? Missing energy

with a mass only slightly greater than that of the neutron earches(the classic signatures of supersymmpewgquire
could have evaded detection is astonishing, and yet this a[?— 9 Persy 5q

pears to be the case: AR, mass between 1.0 and 2.2 GeV arge transverse missing energy, and gluinos would not have
would not yet have been experimentally ex.clucﬂ@]j ' been detected if the lifetime is greater than ¥sec. Beam

Why would one expect gluinos to be so light? The factdump experiments which look for the subsequent interaction
that scalar quark masses must be greater thatheass of the photino would not be sensitive since the photino cross
shows that supersymmett$USY) is broken at the scale of Section is significantly ~smaller[by a factor of
at least~100 GeV. However, the source of gaugino masse& (Mw/Ms)*)]. Experiments at CUSBLO0] and ARGUS[11]
in many supergravity models is completely different from thelook for radiativeY decays; these experiments can rule out a
source of scalar masses, since the former arise frorfgion of gluino masses which correspondpmasses from
dimension-three SUSY-breaking operators. In some suckoughly 2 to 4 GeV, for any lifetime; other experiments
models, such as those in which SUSY is broken in the hiddefodify the bounds slightly. These experiments are all dis-
sector and there are no gauge sing|étsé], the dimension-  cussed by Farrdi5,9], who provides a plot of the region of
three SUSY-breaking terms are either absent or suppressée mass-lifetime plane excluded by each of these experi-
by a factor of the Planck mass. Thus, in these models, th&ents; the region from 1.0 to 1.5 GeV is not excluded for
gluino and photinbare massless at tree level. Masses will beany lifetime, and the region from 1.5 to 2.2 GeV is only
generated by radiative corrections; these were calculated igxcluded for lifetimes between 16 and 10°® sec.

Farrar and Masierf7], who found that as the typical SUSY- ~ There was some excitement recerf8} about the possi-
breaking scale varies from 100 to 400 GeV, the gluino mas®ility that the presence of light gluinos could alter the run-
decreases from 700 to 100 MeV, as the photino mass ining of the QCD coupling constant betwea?sz and
creases from approximately 400 to 900 MeV. Although theQ?=m3. It appears that the value of the QCD coupling at
photino might, in these models, be somewhat heavier thathe smaller scale is too high, given its value of the larger
the gluino, the lightest color-singlet containing the gluino,scale, and modifying the8 function by inclusion of light
theRy, will be heavier than the photino, for the same reasorgluinos could account for the discrepancy. However, it has
that a glueball, comprised of massless gluons, has a mass ligen pointed oyi2] that the uncertainties in this analysis are
the 1-2 GeV range. In fact, if the gluino is light, then the large, and that the data, at present, can not be used to either
Ro mass should be very similar to that expected for the light-establish or rule out light gluinos. Similar arguments apply to
jet production at Fermilab and the CER&'e™ collider
(LEP); the uncertainties are too large. In addition, an addi-
When we say photino in this paper, we are actually referring totional state at 1.4 GeV has been seen, which could be a
the lightest neutralino. However, in models in which the lightestgluino-gluino bound state, but distinguishing such a state
neutralino is extremely light, it tends to be a pure photino state. from other possible exotics, such as hybrids, will not be easy.
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In order for experimenters to probe the allowed mass and L K v

lifetime range, it is necessary to have reasonably accurate |, e k"_ /5,
values for the production cross section of gluinos. This is not q ;jﬁjﬁ* e

always easy. For example, Farf8] has proposed searching

for Ry decays intop+ y by looking for #’s in high-intensity p: ) 3

kaon beams. This could certainly establish the existence of
luinos, but the production dRy’s relative to kaons cannot i , )

ge calculated in Fp))erturbative QOCD due to the fact that neu- FIG. 1. The Feynman diagrams for electroproduction of gluinos.

’ The dashed lines represent the gluinos.

tral kaon beams are produced at low transverse momentum.

On the other hand, one can compute gluino production cross

sections at higlpy reliably. The cross section for photopro- . . .

duction of gluino pairs was calculat¢tl?] recently, with the frame. We <_jo not integrate over the outgoing _eIectron, In-

hope of using the photon tagger in the Large Acceptancﬁtead we will express our results as a differential cross sec-

3

Spectrometer at the Continuous Electron Beam Accelerato on of the formE|?da/d l2. )

Facility (CEBAF). Although this calculation did not directly ~ Once we obtain the subprocess cross section, we must

impose a ) min CUt, such a cut would be done by the ex- embed the target quark in a proton and integrate over the

perimenters, and the event rates were high enough that thidlowed values of. We fold the cross section with the dis-

cut would not lower the signal too muéhAs pointed out tribution functions of the quark in a proton

there, the londR, lifetime and relatively light mass indicates do 45(3)
that high-luminosity, lower energy accelerators will be better E 3= de ezfq(X)E|
suited for exploring the allowed range. 2d”l q 2 dl,

In this paper, we will calculate the electroproduction and 45(3)
hadroproduction cross sections for light gluino pairs. Our :f dxE, UB_F2 (X)/X, (1)
primary motivation is as follows. Searching for gluinos in 2, P
high-intensity kaon beams, as suggested by Farrar, may very , ) i
well be the best way to discover gluinos if they are there WhereFz, is the proton electromagnetic structure function.
However, the absence of a reliably calculable productionVe used up-to-date CTEQ distribution functidspecifically
cross section will make it difficult for experimenters to ex- CTEQLL) for all of our calculations. .
clude regions of the mass-lifetime plane; only regions of the Figure 2 shows the differential cross sectigpda/d®l,
mass-lifetime-production cross section volume can be explotted vs the energy of the outgoing electron. The incident
cluded. In electroproduction and hadroproduction, one carlectron energy is 12 Ge\torresponding to the maximum
reliably calculate the cross sections in some kinematic reenergy likely to be reached at CEBAF in the near futaned
gions, and although such experiments may not be the betlte polar angle of the outgoing electron is fixed at 15°. We
way to find gluinos, they do offer the possibility of reliably have assumed that each final state gluino will be bound
excluding certain regions of the mass-lifetime pldgeven  within a glueballino(a gluon-gluino bound stateand in
the uncertainties associated with perturbative QBRQCD,  evaluating our formulas, we have given the gluino an effec-
of course, which we discuss in the next section

We will begin by considering electroproduction, discuss-

ing the validity of perturbative QCD as well, and then turn to L o L —
hadroproduction, calculating cross sections fop, Kp, .
pp, and pp collisions. We will then discuss experimental 10

signatures of light gluinos.

II. ELECTROPRODUCTION OF LIGHT GLUINOS
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-
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A. Cross section
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P

The relevant diagrams for electroproduction are shown in § 10°
Fig. 1, and the square of the resulting matrix element is given ™

PRNTT R STTT WA NERTITT SR ETT EERTIT EERTIT

LLALLL B B R Ll SR me Rl e

-5
in the Appendix. In integrating over phase space, the same 0
procedure was used as in the photoproduction calculation. P ST NI WD ¥
The integrations over the gluino momenta are performed in 0 1 2 3 4 5
ther =0 reference frame, and then reexpressed in covariant E, (GeV)

form. The subsequent integration over the outgoing quark
momentum is done in the quark-photon center of momentum

FIG. 2. The differential cross section for electroproduction of
glueballino pairs is plotted vs the energy of the outgoing electron.
“The signature foR, production in that experiment assumed very The incident electron energy is 12 GeV and the polar angle of the
light or massless photinos, however, and the mass range expectedtgoing electron is fixed at 15°. The heavy, thin, and dashed lines
from the above would likely require a different signature. Signa-show the results for a glueballino mass of 1.0 GeV, 1.2 GeV, and
tures ofR, production will be discussed later. 1.5 GeV, respectively.
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tive mass equal to the glueballino mass. Our results are sen-

P+ <k
sitive to this mass, and we have plotted our results for glue- 7
ballino masses of 1.0, 1.2, and 1.5 GeV. The results are not q N
sensitive to the quark mass since there are no collinear sin- p: ke

gularities for spacelikeg?. Our calculations assigned the

quark an effective massmy so that the threshold for the _FIG. 3. The Feynman diagram for the production of gluinos via
¥+ q subprocess would be at the same photon energy as f@jg annihilation. The dashed lines represent the gluinos.

the overall y+p process. Letting the quark be massless

would make a negligible difference away from threshold. [ll. HADROPRODUCTION OF LIGHT GLUINOS

We will consider two classes of hadroproduction reac-
tions. The first class involves reactions in which the incident
particle contains one or more valenaoeor d anti-quarks,

The energies and transverse momenta involye_d here affcluding 7p, Kp, andpp. Then we will consider produc-
not very large and one may worry about the validity of C"?‘"tion via pp collisions at the end of the section.
culations based on perturbative QCD. Already our WOITieS |t gne of the hadrons contains valence antiquarks, then the
should be assuaged by insensitivity to the quark mass digjominant mode of gluino production will be througiy an-
played in the photoproduction calculation, where even usinginilation (see Fig. 3. The calculation for this process is
a quark mass as large as 1 GeV has only a small effect on thgsightforward, and the resulting cross section is given by

B. Applicability of PQCD

size of the calculated cross section. [13]
We may study the reliability of PQCD in more detail by
considering how off shell the internal propagators are in 16ma? 2M2 AM2
these calculations. Far off shell means the internal particles &:T 1+T) l_T’ 2

can travel only short distances, and short distances are where
PQCD is valid. Two of the three propagators in the two dia-

. . . where s is the total energy in the quark-photon center of
grams of the photoproduction version of Fig. 1 are always fa'Enomentum frame, and once again we will consitfeto be
off shell. These are the quark propagator in thehannel '

the glueballino mass. In order to obtain the total cross sec-
ﬁon, we fold this subprocess cross section with the hadron

energy to produce a massive gluino or even a glueba”in%istribution functions

pair. The quark propagator in thechannel diagram, how-

ever, can get rather close to singular when the photon and

outgoing quark are collinear. o=f f 0>, [Aa(X1)Ub(X2) + Ga(X1) dp(X2) JdX; dXp,
We studied the importance of this near singularity in the q

photoproduction case. First, we control the singularity as we &)

normally do by inserting a quark mass. Then we add an extra .

requirement, thatl| be greater than some fixed amount to Wwherex, and x, are the momentum fractions of the quark

ensure that whatever contributions we keep in our calcula‘:de ant_lqu_ark,_ and]a(x) and gy(x) are the quark(anti-

tion are perturbatively reliable. Here, the “caret” denotes aquark) dlstrlbu_tlon functions for each_ ha_tdro_n. For th? proton,

Mandelstam variable for they-q subprocess. Requiring we once again use the CTEQLL distribution functions. For

|G|>1 GeV? (which, if we include the quark mass, means mesons we will use

the propagator is off shell by more than 1 Gd\Meads to a p(X)=0.75 Y2(1-x), s(x)=0.12 Y1-x)° (4)
decrease in cross section of less than five percent for incom- ' ' ’

ing photon energies of 10 GeV and glueballino masses in thﬁ)r the valence and sea quathr antiquark distribution
1.0— 1.5 GeV range. We conclude that the bulk of our CroSSnctions, respectively. We will also assume “@Y" for

section comes from kinematics where all internal propagag,e sirange sea quarks, that is, we assume that there are half

tors are far off shell and hence that the perturbative calculaés manyss pairs in the quark sea of the meson as there are
tions are good approximations to the correct cross section.ua anddd pairs

The results folk “p, 7~ p, andpp are shown in Figs. 4,
5, and 6, respectively. The total cross section is plotted ver-

The Hall B Large Acceptance Spectrometer at CEBAFsus the incident beam energy for glueballino masses of 1.0,
can accept a luminosity of #cm~2 s~ 1. (The luminosity 1.5, and 2.0 GeV.
for Hall B is set by what the detector can accept rather than The cross sections are quite high. For example, for the 18
by what the accelerator can prodycEor electroproduction, GeV =~ beam at Brookhaven, one has an event rate of
taking 10 3 nb/Ge\? as a typical cross section in Fig. 2, this roughly 0.5/microbarn sec. For a 1.0 G&{, this gives an
translates into a typical event rate of 1 per 100 s. Similaevent every 2 ¢for a microsecond lifetime, aRy will decay
event rates will be obtained for the proposed European Labaowithin a meter of the interaction region every hour oj).so
ratory for ElectrondELFE) accelerator, if it has a large ac- For a 2.0 GeWR, the rate is 2 orders of magnitude smaller.
ceptance detector. Even with a lifetime near the upper end of The second class of hadroproduction reactions involves
the expected range, one microsecond, one would have arases in which the incident particle does not contain any
R, decaying in the detector several times per day. Signatureglence antiquarks, for example, proton-proton collisions.
of these decays will be discussed below. Although the procesgg— gg will still contribute (due to the

C. Event rates
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FIG. 4. The total cross section fé¢ p—@gg+ X is plotted vs FIG. 6. The total cross section fpp— §§+ X is plotted vs the

the energy of the incident kaon beam. We are assuming that alinergy of the incident antiproton beam. The heavy, thin, and dashed

gluinos end up inRy’s, as expected. The heavy, thin, and dashedjines show the results for a glueballino mass of 1.0 GeV, 1.5 GeV,
lines show the results for a glueballino mass of 1.0 GeV, 1.5 GeVand 2.0 GeV, respectively.

and 2.0 GeV, respectively.
IV. SIGNATURES

presence of sea antiquarks in both particiesvill be sup- One general signature of the glueballino is that it has as-
pressed relative to the cases in which there are valence a”Bects of both a long-lived and a short-lived particle. It
quarks. To the same order, there will be a contribution fromshould, like a long-lived particle, decay a long distance away
gluon fusion[13], gg—gg. The procesgg—ggq, although  from where it was produced. Then if it decays into two or
higher order in the coupling constant, may be competitivemore hadrons, it should have a wide decay width in the sense
with this process. Here, the calculation is necessarily imprethat the spread of mass visible in the decay should be large.
cise, since the gluon distribution function we use will be This is a consequence of the varying energy taken away by
modified by the presence of gluinos in the $@® are omit- the almost noninteracting photino if the final state is three or
ting contributions from primordial gluinos. Using a conven- more particles in total. It is important in this case that the
tional gluon distribution function we have found that the two decay not be one that could be mimicked by known weakly
contributions are similar, and that the resulting curves are th@ecaying particles. With this in mind, it was proposed to look

same shape as those in Fig. 6, but are roughly 2 orders &' the decay of the glueballino into four charged pions plus
magnitude smaller. an unobserved photino; the appearance of four charged pions

emerging from a vertex away from the interaction point

would be a “gold-plated” signature for glueballinos, and the

branching ratio of known mesons in this mass range into four
L S charged pions is not unusually small.

E This would be the best signature if the photino was very
10° k < light. However, the work of Farrar and Masiero, and the
E cosmological arguments of Farrar and Kolb, suggest that the
10° 3 E photino is not particularly light, and thus the decay into four
. F 3 charged pions will, if even kinematically allowed, be sup-
5 10 E 7 pressed significantly. One could look for three pions and a
® 10° ' _ photino, with the three pions having more invariant mass
than the kaon.
10" . The two most interesting two-body decays are into
7%+ % and, if kinematically allowedz+ 7. It is the latter
102 | 3 decay that Farrdi9] has proposed looking for in experiments
] that produce kaon beams since there may be some admixture
10° o e of Ry in the beam; they will subsequently decay into three
0 5 10 15 20

pions with more invariant mass than the kaon. Because of the

SU(3) factors, the branching ratio of+ 7y will be, to the

extent that they; mass does not suppress the rate, 10% of the
FIG. 5. The total cross section far~p—gg+ X is plotted vs 7°+ 7 ratio. The appearance of a singt€ a distance from

the energy of the incident pion beam. The heavy, thin, and dashelne vertex may be difficult to pick out of the background, and

lines show the results for a glueballino mass of 1.0 GeV, 1.5 GeVthe » may thus be easier to find.

and 2.0 GeV, respectively. One could also look fotr* 7~y where the pions have an

beam energy (GeV)
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invariant mass greater than the kaon. Although phase spader within a factor of a few, given the uncertainties in per-
arguments indicate a branching ratio f10" 3 [9], such turbative QCD at this scalewill definitively rule out light
arguments generally underestimate the multihadron decagluinos in a given mass-lifetime region. Their discovery will
rates of mesons in the 1-2 GeV mass range; for many sudlevolutionize particle physics, and lead to a new generation
mesons the multihadron decay will dominate the two-bodyof “gluino factories.”

decay. Thus, the branching ratio for this mode could be siz-
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interacting particle with a mass just slightly above that of the
neutron cannot be experimentally excluded. Given that such APPENDIX
a particle is a consequence of a class of supergravity models, ) . . )
a comprehensive search for light gluinos is well motivated. 1he diagrams for electroproduction of light gluinos are
Although the best method of detecting gluinos might well beShown in Fig. 1. In terms of the momenta defined in the
to look for their presence in kaon beams, the absence of @agrams, we define, witm being the mass of the gluino,
reliable production cross section precludes the possibility of (b 2_ 2 2 _ 2
definitely ruling out gluinos in a given mass and lifetime A=lki=kp)2, AT=mo=rifa, s=(py+1y)%
region. In this work, we have calculated the rate for electro- t=(Di—1.)2  S.=(Do+7)2  to=(D:—D,)2
production and hadroproduction of light gluinos, in a kine- (P1=12)% - Sh=(P2F1)% th=(P1=P2)%,
matic regime in which perturbative QCD should be fairly Up=(p1—1)2  Q=(ly+1,)/2. (A1)
reliable. The event rates are quite high, and the signatures
fairly distinctive. Failure to find gluinos at the predicted rate Then, the square of the matrix element is

4e’e’g ( 32 u 32
7= = a2 22 4 2 25, 12) 4+ (5=t G2 r24 ty— A1, 1)24 GRty | (py- A) 2+ =g | (5= )%+ Pty — (1
q°r uj, Sh Sh
Sh ., 84 » — 128
—up)| 1+ —]|(p2-A)°+ —[q°(sp+thtUu,—2r°)+(s—t)(s—t—q°—r+t,—4l,-r)]p;- Apy- A— —(s—t
Up ShUn Up

128 128 4
—q?—r?+t,—4l,-1)p;-AQ-A— < (s70p2-AQ-A+ W[r4—r2(sh+th+ Up) +SpUnl(Q-A)?— EZ(ZM
h hUn h

4
+r2)[g%shUn—r29%(sh+th+up) +rég2+s,(s—t)(q2+r2—ty+4l,-r)—r2(s—t)%]— ?(2A2+r2)[q25huh
h
—r202(sp+tht+up) +rég?—up(s—t—q?—r2+t,— 4l r) (g2 +r2—ty+4l,-r)—r3(s—t—q?—r2+t,— 4l ,-r)?]
4
- H[ZAzth(q2+r2—th+4I2- N2+ (s—t—g?—r2+t,—4l,-r){(q?+r2—ty+4l,-1)[2A2%(r2—up) —r?ty]
hUn

—r2(s—t)(4A%=2tp+r2—up)} + (% +r2—t,+4l,-r)(s—t)[2A%(s,— r2) +r2t, ]+ 2r2g%tn (s, + th+ up) — r2(r?

—up)(s—t—q®—r?+t,—4l,-1)2+ (s, —r2)[4A%92(r2—u,) +r3(s—t)2]+ 2r2(6A%2+r2)g%t,] | . (A2)
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